Recently, mechanobiology has received increased attention. For investigation of biofilm and cellular tissue, measurements of the surface topography and deformation in real-time are a pre-requisite for understanding the growth mechanisms. In this paper, a novel threedimensional (3D) fluorescent microscopic method for surface profilometry and deformation measurements is developed. In this technique a pair of cameras are connected to a binocular fluorescent microscope to acquire micrographs from two different viewing angles of a sample surface doped or sprayed with fluorescent microparticles. Digital image correlation technique is used to search for matching points in the pairing fluorescence micrographs. After calibration of the system, the 3D surface topography is reconstructed from the pair of planar images. When the deformed surface topography is compared with undeformed topography using fluorescent microparticles for movement tracking of individual material points, the full field deformation of the surface is determined. The technique is demonstrated on topography measurement of a biofilm, and also on surface deformation measurement of the biofilm during growth. The use of 3D imaging of the fluorescent microparticles eliminates the formation of bright parts in an image caused by specular reflections. The technique is appropriate for non-contact, full-field and real-time 3D surface profilometry and deformation measurements of materials and structures at the microscale. Kormos, B. P. Griffith, H. Koyanagi, and J. F. Antaki, "High-resolution fluorescent particle-tracking flow visualization within an intraventricular axial flow left ventricular assist device," Artif. Organs 20(5), 534-540 (1996). 7. J. Sakakibara, K. Hishida, and M. Maeda, "Vortex structure and heat transfer in the stagnation region of an impinging plane jet (simultaneous measurements of velocity and temperature fields by digital particle image velocimetry and laser-induced fluorescence)," Int. J. Heat Mass Tran. 40(13), 3163-3176 (1997). 278-288 (2004). 38. M. A. Sutton, X. Ke, S. M. Lessner, M. Goldbach, M. Yost, F. Zhao, and H. W. Schreier, "Strain field measurements on mouse carotid arteries using microscopic three-dimensional digital image correlation," J.
Introduction
Three-dimensional (3D) measurements of topography and displacement at the microscale can shed light in the investigations in many disciplines such as biology, medicine, biomedical engineering, materials science and engineering, and mechanical engineering. For example, the investigation in mechanobiology will benefit from a technique to measure the 3D topography and deformation of biofilms and tissues [1] [2] [3] . Traditional 3D profilometry techniques can hardly be employed for the surface profile measurement for biological cells or soft materials at the microscale. The typical characteristic in-plane dimensions of biological tissues are on the order of 1~20 mm, and the out-of-plane feature dimensions are on the order of submicron to tens of µm; these relatively small dimensions make it difficult for real-time, non-contact, full field profilometry and deformation measurements for purpose of tracking 3D deformations in-vivo or in-vitro. High-resolution imaging techniques, such as scanning tunneling microscopy (STM), atomic force microscopy (AFM), near-field scanning optical microscopy (NSOM) and scanning electron microscopy (SEM), have their limitations for probing 3D surface profiles on soft biomaterials in-vivo or in-vitro. AFM relies on a tip to scan a surface; it cannot be applied for mm size regions. NSOM utilizes the properties of evanescent waves to detect the surface by placing a detector above a sample surface at a distance smaller than the wavelength of the light. The resolution of the image is dictated by the size of the detector aperture, which is far below mm size [4, 5] , such that NSOM is not appropriate for mm area scanning in real-time. SEM/STM utilize high-energy scanning electron beam at tens of kV to scan a conductive sample surface, far removed from the physiological condition of a biomaterial sample. For observations of biological samples invivo or in-vitro, such as the wrinkle formation in a biofilm, a new technique is needed. This paper will provide a technique, based on 3D fluorescence microscopy, to address such a need. A number of experimental techniques have been developed to utilize fluorescent dyes or particles to track movements of material points to determine displacements, such as for flow visualization [6, 7] . Fluorescent dyes or particles are used as markers to observe biological processes, such as cell migration [8] , growth of bacteria [9] , interactions between colloidal particles [10] , and mixing behavior of fluids in a microfluidic device [11] . For 3D observation, a fluorescent particle tracking method at micron-scale using a single camera was proposed [12] . In that method a microscope acquires a set of slightly out-of-focus images showing the increase of the ring radius of a fluorescent particle as it moves away from its reference plane and approaches the objective lens. These images are subsequently used to reconstruct a 3D image of the distributed particles inside a transparent sample. The technique is not operational in real-time, as a series of images has to be acquired to construct a single 3D image. Berfield et al. [13] proposed a full-field, fluorescence-based digital image correlation (FDIC) technique. They used fluorescent nanoparticles to create random texture patterns for nanosclae deformation measurement. FDIC provides a promising and practical technique for non-contact, full-field, and real-time in-plane deformation measurement with nanoscale displacement resolution appropriate for a wide range of hard and soft materials.
Recently FDIC was applied to study the local strain concentrations in a micro vascular network [14] . The application of fluorescence microscopy allows measurement of nanoscale deformation and damage in polymeric materials [15] . However, FDIC is limited to in-plane deformation measurement. Franck et al. [16] dispersed fluorescent particles to a soft material sample and observed the dispersed particles on a confocal microscope before and after deformation, and further determined the 3D deformations using the digital volume correlation [17, 18] technique. The conventional laser confocal microscopy for 3D profilometry [19] takes relatively long time to acquire a set of images on a transparent sample, making it difficult for real-time measurement, especially when fast evolution is involved in a process. Spinning disk confocal microscopy [20] acquires a stack of images within 1/15 second; it is fast enough for 3D observation of some cell growth. However, it is still a challenge to apply it for real-time measurement, such as for investigation of the viscoelastic behavior of biomaterials under high strain rate loading [21, 22] ; the same issue occurs for reflected light confocal microscopy [23] . White light interferometry [24] is an excellent non-contact optical profilometry technique, but it does not allow for tracking material points to measure surface deformations such as displacements and strains.
In this paper we utilize stereo-imaging of fluorescent particles on a biomaterial sample to determine the surface topography and also to measure simultaneously the 3D surface deformations for situations where these particles follow the movements of material points on the material surface [25] . Both fluorescent nanoparticles and microparticles can be used for observations at different scales. A binocular stereo vision system acquires a pair of images of the same field of a sample from two different observation directions simultaneously. The images are subsequently analyzed with the triangulation method from the corresponding image points on both images to reconstruct a 3D image of the sample surface. In this method, the fluorescent particles are used to provide distinct surface features. Instead of using random texture patterns formed by other means such as paint, colored silicone, or carbon blacks, the use of fluorescent particles allows observation at scales commensurate with the fluorescent particle sizes, on the order of nanometer to a few μm.
The use of fluorescent particles for stereo-imaging provides the following advantages: (1) the selection of fluorescent particle size is abundant, ranging from 1 nm [26] to several microns, suitable for formation of random texture patterns (often through conglomerate of particles) over a wide range of sizes. A sample can also be stained with multi-fluorescent probes for multi-purpose observations; and the fluorescent particles serve as random texture or markers for surface profilometry and also for tracking surface deformations at different scales; (2) Fluorescence imaging avoids unwanted specular reflections, to allow pairing the corresponding points observed on the pair of micrographs through digital image correlation; this characteristic is especially helpful for observation of biosamples under in-vivo or in-vitro conditions where moist surface usually induces reflection when white light is used; (3) The fluorescent light will not induce as much heating as white light on a sample surface to alter the environmental condition for a biomaterial under investigation; and (4) Fluorescent particles have excellent biocompatibility with biomaterials, and thus enabling investigations of living biological samples such as biofilms and tissues.
In this paper, 3D surface profilometry and deformation measurements using fluorescent stereo microscopy (FSM) system are described. The technique for 3D surface profilometry is validated using a specimen with known geometry and the technique for surface deformation measurements is demonstrated by measurements of deformations imposed by a 3-axis nanoposition stage. We also demonstrate the FSM technique for 3D surface topography measurement and deformation measurement of a Bacillus subtilis biofilm.
Stereo-based microscopic measurement
We describe in this section the principle for the stereo microscopic technique for measurements of the 3D surface topography and deformations. The technique is based on stereo vision and digital image correlation. In digital image correlation, two images with For measurement of the surface profile at the microscale in this paper, a stereo microscope based on a binocular vision system is used. In this system an object is observed in two viewing directions by two cameras. In a Cartesian frame, a point (e.g., 1 P ) on the surface of an object is projected onto two points on the imaging planes by the left ( 1 L P ) and right ( 1 R P ) cameras, as shown in Fig. 1 . The binocular stereo vision technique reconstructs the 3D world coordinates from the points projected on both images, similar to the function of human eyes in observation of a 3D object. Digital image correlation is used to determine the corresponding points between the two images acquired by the two cameras. After the positions and orientations of the two cameras and the camera intrinsic parameters (the focal lengths, principle points, and distortion coefficients of the lenses) are determined through a stereo vision calibration procedure, the shape of the object is reconstructed using triangulation [31] . For measurement of displacement of a point, digital image correlation can be used to map the images of the point in both left and right images in both the undeformed and deformed states. After 3D reconstructions, the coordinates of the same material point in both the undeformed and deformed states can be determined, thus the displacement components can be obtained by subtracting the coordinates of the point in the undeformed state from the corresponding coordinates in the deformed state. Calculation of the gradients of the displacements gives the surface strains [36] . In classical camera calibration, an ideal pinhole camera model is used. Parameterization of the distortion functions is introduced to take into account of the distortion of each optical element. However, the combination of different optical elements in a stereo microscope leads to prohibitively complex and highly non-linear distortion function. To circumvent this problem, Schreier et al.
[37] developed a technique, in which a virtual plane without distortion is assumed to exist, and introduced generic warping functions that are not based on specific distortion models. This method was further applied to measure 3D strain field of mouse artery under pressure loading [38] . In microscopic stereo vision, two cameras are used for observation from two different viewing angles. In general, there are two types of binocular stereo microscopic systems. In the first type two adjacent objective lenses with independent optical paths are used; in the second type, a common main objective lens is used. A conventional optical microscope has a small working distance, on the order of a 1~5 mm when relatively low magnifications, 5 × to 10 × are used, or a distance of 0.1~0.5 mm at higher magnifications, such as 50 × to 100 × , and at the limit, 0.01~0.3 mm in focus depth for 0.1~2 mm diameter viewing field. In this study, a stereo surgical microscope (Zeiss OPMI-1) is employed with common objective lens with 50 mm diameter. It has a large working distance, up to 150 mm (the focal length of the objective lens is 150 mm), and ~5 mm depth of field. The viewing field is 5~18 mm in diameter, to allow measurements of relatively large surface profile and deformations. Two digital cameras (Nikon D7000) with a spatial resolution of 4928 × 3264 pixels are connected to the microscope to acquire images. The shutter time of the cameras has a range from millisecond to tens of seconds. An external trigger is used to synchronize the image acquisition by the two cameras. A 0.2 mm square chessboard (Texas Industrial Optics Inc.) is used for calibration. The camera calibration method [39] (Camera calibration toolbox for Matlab [40] ) is used to calibrate the system. All the intrinsic and extrinsic parameters are optimized using bundle adjustment algorithms [36] . The Newton-Raphson [41] and reliability-guided digital image correlation [42] are employed to identify the corresponding points in those images.
Fluorescent stereo microscopy system and validation
A fluorescence microscope contains a set of interference filters and a dichromatic beam splitter, for excitation and emission of a fluorescent probe (or particle) attached to the surface of a specimen. Selected excitation of specimen fluorochrome and the subsequent isolation of weaker fluorescence emission are needed for generating fluorescence image. However, to the best of our knowledge, a fluorescent stereo microscope based on fluorescent imaging from two individual viewing angles is not commercially available. We developed a fluorescence stereo-imaging system by matching the excitation, emission filter properties with a particular fluorochrome on the Zeiss OPMI microscope. Leica L5 is used for illumination, it has integrated 5-position filter wheel. For tracking, blue-green fluorescent particles (430/465, Life Technology Corp., #F13080) with 1 μm nominal diameter are used. The fluorescent spherical particles in a colloid are made from an amorphous polymer such as polystyrene. Figure 2 shows the optical properties of the fluorescent particles. The primary function of the emission/barrier filter in any fluorescent system is to block the excitation wavelengths used. Therefore, based on the properties of the fluorochrome, ET420/40x and ET 480/40m (Chroma Technology Corp.) were used as the excitation and emission filters, respectively. The excitation filter has a band pass from 400 to 440 nm; the center wavelength is 420 nm. The emission filter has a band pass range of 460~500 nm; and the center wavelength is 500 nm. The properties of the filters and the fluorochrome bands are also shown in Fig. 2 . The excitation filter ET 420/40 × is installed on the filter wheel of Leica L5. The two emission filters (ET 480/40m) are placed inside the beam splitter tubes of Zeiss OPMI microscope. The schematic diagram of the optical paths in the Zeiss OPMI in the FSM is shown in Fig. 3(a) . The stereo microscope setup (Fig. 3(b) ), as implemented in this work, provides an overall field of view of 6.14 × 4.07 mm 2 , and has a spatial resolution of 1.2 μm/pixel. The procedure for measurement of surface topography is given as follows. The system was assembled based on the schematic diagram of the FSM system shown in Fig. 3(a) . Figure  3(b) shows the experimental setup of the complete system. A sample was mounted on a 3-axis nano-position stage (Thorlabs Inc., #MAX301). The stereo microscope was calibrated with a white light source using calibration pattern mounted on the specimen stage. The calibration pattern was translated and rotated, and its images were captured. A random fluorescence texture pattern on an object surface was generated by applying a droplet of fluorescent liquid on a surface using an airbrush (Iwata Inc.). A random texture pattern was created with this fine point airbrush on the sample.
Validation of the 3D surface topography measurement
A spherical steel ball with diameter 7.938 ± 0.013 mm (http://www.mcmaster.com/) was used for validation of surface topography measurement. Two fluorescent images were acquired from cameras on the left and right as shown in Figs. 4(a) and 4(b) , respectively. The matching horizontal and vertical displacement fields are shown in Figs. 4(c) and 4(d) , respectively. The 3D geometry of the ball is subsequently constructed as shown in Fig. 4 (e) using a noise removal algorithm developed by You et al. [43] . From the reconstructed 3D coordinates, the diameter of the ball was determined using the Levenberg-Marquardt algorithm [44] . Five measurements were made; the average diameter was measured as 8.039 ± 0.120 mm. The relative error was 1.3%. In order to demonstrate the flexibility of our system, we also applied this method to measure the 3D topography of a biofilm. A biofilm is an aggregation of micro-organisms in which cells adhere to each other to form a dense organism community [45, 46] . The structural and developmental complexity of biofilms, and its significance in both natural and man-made environments, has received increased attentions [45] . In this work, a Bacillus subtilis biofilm sample was prepared [1] . After 4 days of growth, the surface was sprayed with random fluorescent particles. Both the left and right images of the biofilm are shown in Figs. 5(a) and 5(b), respectively. The reconstructed surface of the biofilm is shown in Fig. 5(c) . From the reconstructed 3D shape, the wrinkles of the biofilm are clearly seen. The system is suitable for measurements of the surface evolution of a biofilm in real-time. The 3D surface topography obtained at different growth times can be analyzed further for understanding the growth mechanism of a biofilm; as an example the surface deformations of a biofilm undergoing 4 hours of growth are described in Section 3.2. Figure 6 shows a glass slide sprayed with fluorescent particles. The nominally 1 µm spherical particles aggregated to form fluorescent random pattern of different shapes and sizes. After processing into a binary image [47] , each spot was represented as a best-fit circular dot. The radial distribution of the fluorescent dot is shown in Fig. 6 . Approximately 95% of all fluorescent random spots were within a range of the radii between 0.68 and 16.57 μm. Based on the subset fluctuation proposed [48] , the mean value of various subset (or subdomain) of 201 × 201 pixels over the image is 19. In order to determine the sensitivity of this FSM system, these images were captured at different time intervals without moving the slide or the fluorescent stereo system. Since the edge regions have more pronounced image distortion, the central area of images in focus was used to evaluate the sensitivity. The sensitivity of the system used in this work was 0.13 μm for in-plane deformation measurement, and 1.26 μm for out-of-plane deformation measurement. The out-of-plane sensitivity is lower due to the small angle 8.3° formed by the axes of the two cameras [30, 49] . The sensitivity of the setup was affected by various factors, including the digital image correlation algorithm for stereomatching, and the environmental noise such as the vibration of Nikon camera shutter, which was not considered in this study with a primary focus on demonstrating the technique. For translation tests, the glass slide with random fluorescence patterns was attached to a precision 3-axis nano-position stage, with 1 nm resolution in each direction. Translations in 0.1, 0.2, 0.4, 0.8, 1, 2, 4, 8, 16 μm were generated using the piezo-stage in the X, Y and Z directions, respectively. The translations over 20 μm (32, 64, 128 and 256 μm) were driven by motors. Pairs of images of the random patterns on the glass slide were acquired before and after translations. The rigid body displacement field was calculated using the stereo-based measurement technique. Each translation movement was repeated for 8 times. As shown in Table 1 , the interval of applied displacements along X-, Y-and Z-axis are in equally spaced in base 2 logarithmic scales. The mean values of the measured displacements and the applied displacements greater than 1 μm in the 3-axis are nearly identical as shown in Table 1 , indicating that the FSM system used in this work is appropriate for measurements of displacements of 1 μm or larger. The measured in-plane displacements (X and Y directions) are nearly identical to the prescribed displacements, and the out-of-plane displacements (Zdirection) are close, but the difference is larger. The standard deviation of the displacement in the Z-direction increases with the applied displacement. As the applied displacement in the Zdirection increases, images started to become increasingly out-of-focus, which introduces errors in displacement measurements in the Z-direction using digital image correlation for point tracking. For displacement measurements lower than 1 µm, errors are larger. These results indicate that a fluorescent stereo system with higher magnification is needed for measurements of 3D topography and deformation measurements at sub-micron scale. For measurement of 3D deformation on a surface, the displacement is calculated by subtracting the Cartesian coordinates of a point in the reference state from the corresponding coordinates of the point in the deformed state. To demonstrate such capability a 3D deformation measurement was conducted on a Bacillus subtilis biofilm during its growth. After 24 hours of development, fluorescent particles were sprayed on the surface. A pair of images representing the reference state were acquired. After another 4 hours of development, another pair of images representing the deformed state were acquired. Figure 7 shows the 3D deformation measurement of the biofilm during its growth. In the interest of space, only the left images in the reference (Fig. 7(a) ) and deformed ( Fig. 7(c) ) states are shown. The 3D surface profiles in the reference and deformed states of the rectangle area in Fig. 7(a) are shown in Figs. 7(b) and 7(d), respectively. The 3D deformation field as projected onto the plane of the glass slide on which the biofilm grew is shown in vector form in Fig. 7 (e) (some of the points are blocked by the surface) and the contour of the out-of-plane deformation is also shown in the same figure. The technique developed in this work allows for measurement of the surface deformations of the biofilm. 
3D deformation measurements

Conclusion and outlook
In summary, we have developed a novel fluorescent stereo microscopic technique for 3D surface profilometry and deformation measurements. A 3D fluorescent microscope was set up from a Zeiss stereo microscope by selecting matching excitation and emission filters with particular fluorochrome. The technique provides a robust methodology for non-contact, fullfield, real-time 3D profile and deformation measurements at the microscale. It can be used for surface profilometry and deformation measurements for a wide range of materials, such as for observation of the 3D shape and displacements during the growth of biofilms or biotissues, for measurements of the mechanical properties of biomaterials. Validation was conducted on rigid translation. The FSM setup has higher in-plane sensitivities than out-of-plane sensitivity. The standard deviation of the out-of-plane measurement increases as the translation becomes larger due to out-of-focus of an image and system configuration. Higher magnifications can be achieved with high magnification objective lenses for surface deformation measurements at the sub-micron scale.
